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We have studied hyperfine interactions between spin-polarized electrons and lattice nuclei in
Al0.1Ga0.9As/GaAs quantum well (QW) heterostructures. The spin-polarized electrons are electri-
cally injected into the semiconductor heterostructure from a metallic ferromagnet across a Schottky
tunnel barrier. The spin-polarized electron current dynamically polarizes the nuclei in the QW,
and the polarized nuclei in turn alter the electron spin dynamics. The steady-state electron spin is
detected via the circular polarization of the emitted electroluminescence. The nuclear polarization
and electron spin dynamics are accurately modeled using the formalism of optical orientation in
GaAs. The nuclear spin polarization in the QW is found to depend strongly on the electron spin
polarization in the QW, but only weakly on the electron density in the QW. We are able to observe
nuclear magnetic resonance (NMR) at low applied magnetic fields on the order of a few hundred Oe
by electrically modulating the spin injected into the QW. The electrically driven NMR demonstrates
explicitly the existence of a Knight field felt by the nuclei due to the electron spin.
PACS numbers: 72.25.Hg, 72.25.Rb, 76.60.Jx
I. INTRODUCTION
Spin-polarized electrons in GaAs interact with lattice
nuclei through the hyperfine interaction, leading to dy-
namic nuclear polarization (DNP).1,2,3 Typical DNP ex-
periments in GaAs exploit the spin-dependent selection
rules for optical transitions to generate the necessary
population of spin-polarized electrons in the conduction
band. Recent experiments have demonstrated the electri-
cal injection of spin-polarized electrons using a metallic
ferromagnet as a contact and a band-engineered Schot-
tky tunnel barrier.4,5,6,7,8,9,10,11,12,13,14 The question nat-
urally arises whether the electrically injected population
of spin-polarized carriers interacts with lattice nuclei in
a manner similar to optically injected spin-polarized car-
riers. In this paper we present a series of experiments
in which a current of spin-polarized electrons electrically
injected from an Fe contact dynamically polarizes lat-
tice nuclei in a Al0.1Ga0.9As/GaAs quantum well (QW).
The nuclear polarization and its subsequent effects on
electron spin dynamics are well-described by the same
model of DNP used to understand optical orientation ex-
periments. However, the magnetic anisotropies of the Fe
contact allow access to new geometries for observing the
interaction between spin-polarized electrons and nuclei
that cannot be achieved in optical spin-pumping experi-
ments. In addition, we show that modulation of the spin
polarization of the current can be used to control the hy-
perfine interaction directly, leading to the observation of
nuclear magnetic resonance in very low applied fields.
II. SPIN INJECTION: BACKGROUND
Many experiments have utilized the selection rules for
optical transitions in GaAs to measure the spin polariza-
tion of conduction band electrons.2,15,16,17,18 These selec-
tion rules allow for a simple mapping between the net lu-
minescence circular polarization PEL = (I+ − I−)/(I+ +
I−) where I+,− are the intensities of the two helicities
of circularly polarized light, and the average electron
spin along the sample normal: Pspin = αSz = αS · zˆ,
where S is the average electron spin in the quantum
well (QW), and α = 2 for luminescence from QW sys-
tems while α = 1 for bulk systems.19,20 The orienta-
tion and magnitude of S will in turn depend on the ap-
plied magnetic field Bapp and the electron spin lifetime
Ts = (τ
−1
s +τ
−1)−1, where τ−1s is the rate of electron spin
relaxation and τ−1 is the rate of electron-hole recombina-
tion. The electron spin immediately after injection into
the QW is given by the vector S0. Spin relaxation that
occurs before the electrons recombine with holes reduces
the total spin in the QW from its initial value S0 to its
steady-state value S. In addition, the spin will precess
about Bapp whenever Bapp × S 6= 0. The angle through
which the spin precesses is determined by the product
ΩTs of the Larmor precession frequency and the electron
spin lifetime where Ω = g∗µBBapp/~, g
∗ is the effec-
tive electron g-factor, µB is the Bohr magneton and ~
is Planck’s constant. Typically, Ω ∼ 1010 GHz at 5 kG
and Ts ∼ 200 ps, giving ΩTs . 2π. Combining these
processes of injection, precession, relaxation and recom-
bination, we can define a rate equation that describes the
dynamics of the electron spin in the QW:19
dS
dt
= Ω× S − S
τs
− S − S0
τ
. (1)
2Luminescence is a steady-state measurement, and there-
fore we can set dS/dt = 0 and solve for S. It is conve-
nient to define the characteristic magnetic field B1/2 =
~/(g∗µBTs) at which ΩB1/2Ts = 1. The steady-state so-
lution of Eq. 1 can then be written as
S = η
B2
1/2S0 + (S0 ·Bapp)Bapp +B1/2(Bapp × S0)
B2
1/2 +B
2
app
,
(2)
where η = 1/(1+τ/τs).
21 Equation 2 is the general equa-
tion for electron spin dynamics in GaAs under steady-
state conditions. For the experiments under discussion
here, the z-component Sz is detected by the luminescence
circular polarization PEL, and S0 is electrically injected
from a ferromagnetic metal contact.
In the case of electrical injection of spin-polarized elec-
trons from a thin Fe film, S0 = ǫρmˆ, where mˆ is the
direction of the Fe contact magnetization, ρ is the spin
polarization of the Fe contact, and ǫ is the efficiency
of spin transport across the interface. Magnetic shape
anisotropy in the thin film causes the Fe magnetiza-
tion to lie in-plane at low magnetic fields. Hence, at
Bapp = 0, S0 will be entirely in-plane and the lumi-
nescence along the z-direction will be unpolarized. In
order to achieve Sz 6= 0 in the QW, either the Fe mag-
netization must be rotated out of the plane prior to the
injection of spin-polarized electrons, or the injected spin
must precess out-of-plane after reaching the QW. The
first approach can be accomplished by applying a mag-
netic field along the z-direction in the longitudinal, or
Faraday geometry,4,5,6,7,11,14,15,22 while the second re-
quires an angle between S0 and Bapp in the transverse,
or Voigt geometry.8,9,10,12,13
III. SAMPLE DESIGN, GROWTH AND
PROCESSING
The devices studied here combine electrical injection
of spin-polarized carriers across an engineered Schottky
barrier with optical spin detection. This device design is
referred to as a spin-sensitive light emitting diode (LED),
or spin-LED.4,5,6,7,8,9,10,11,12,13,14,15,16,22 A vertical block
diagram schematic of the spin-LED is shown in the inset
of Fig. 1. A ferromagnetic metal is deposited on top of
a highly doped n+ layer of Al0.1Ga0.9As. Underneath
the n+ layer is a drift layer of n-type Al0.1Ga0.9As that
separates the injector region of the device from the de-
tector region of the device. The detector is a 100 A˚ GaAs
QW with un-doped Al0.1Ga0.9As barriers, positioned ap-
proximately 1500 A˚ from the ferromagnet/semiconductor
interface. Beneath the QW detector is a layer of p-doped
Al0.1Ga0.9As that serves as a source of unpolarized holes
with which the injected electrons recombine in the QW.
The device is operated with the bias applied between the
ferromagnet and the substrate, and luminescence is col-
lected along the growth direction zˆ of the sample.
The spin-LED heterostructure consists of two back-to-
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FIG. 1: Spin-LED band structure at zero bias23 and a
schematic cross section (inset) of the spin-LED device. The
dashed line is the Fermi level, the open circle and arrow rep-
resents the flow of unpolarized holes from the p-type layer to
the QW, the filled circle represents the flow of spin-polarized
electrons injected from the Fe contact through the Schottky
barrier.
back diodes: a Schottky diode at the interface (injector)
followed by a n-i-p light emitting diode (detector). The
device is operated with the Schottky contact reverse bi-
ased (electrons passing from Fe into Al0.1Ga0.9As) and
the n-i-p LED forward biased. Positive device voltages in
this paper refer to reverse Schottky and forward LED bias
conditions: electrons tunnelling into the Al0.1Ga0.9As
and recombining with holes in the QW to emit photons.
Transport at the interface is determined by the Schottky
barrier shape and width, which in turn depends on the
Al0.1Ga0.9As doping at the interface. The combination
of the ferromagnetic film and highly doped n+ interfa-
cial Al0.1Ga0.9As is referred to as the injector, while the
n-i(QW)i-p LED is referred to as the detector.
Two different injector doping designs are used for the
data presented here: graded doping and δ-doping. Sam-
ple A has a graded doping injector similar to that of
Hanbicki et al.5 and is used for all field dependence and
time dependence measurements in this paper. Sample B
has a δ-doped injector and is used for nuclear magnetic
resonance measurements. The δ-doped injector is created
by depositing a two-dimensional sheet of n-type dopant
(Si) near the interface. Table I shows details of these two
heterostructure designs. Several samples with varying δ-
doping, graded interfacial doping, drift layer doping, and
QW doping have been grown and tested and exhibit vary-
ing degrees electrical spin injection and dynamic nuclear
polarization.
The samples are grown using molecular beam epitaxy
(MBE). The Fe film is deposited in situ and is capped
with a thin Al layer to prevent oxidation. The devices
are processed using standard photolithography and wet
3Sample A Sample B
thickness (nm) material thickness (nm)
2.5 Tgrowth ∼ 0
◦C Al same
5 Tgrowth ∼ 0
◦C Fe same
15 n+ (5× 1018 cm−3) Al0.1Ga0.9As 2.5 i
15 n/n+ (graded doping) Al0.1Ga0.9As δ-doped (Si) n+ (3× 10
13 cm−2)
100 n (1× 1016 cm−3) Al0.1Ga0.9As 100 n (6.7× 10
16 cm−3)
25 i Al0.1Ga0.9As same
10 i-QW GaAs same
25 i Al0.1Ga0.9As same
50 p/p+ (1× 1017 − 1× 1018 cm−3) Al0.1Ga0.9As same
150 p+ (1× 1018 cm−3) Al0.1Ga0.9As same
300 p+ (1.1× 1018 cm−3) GaAs same
substrate p+ GaAs (100) same
TABLE I: Heterostructure details for the two primary spin-LED samples discussed in this paper.
etching. Mesas, either round or rectangular, are litho-
graphically defined and etched below the level of the n-
i-p depletion region to minimize leakage currents. The
samples are mounted in chip carriers using indium solder
(diffused into the backside of the wafer prior to growth)
that creates an ohmic contact to the GaAs substrate.
The Fe/Al0.1Ga0.9As Schottky is contacted by wirebond-
ing to a Au pad on the top of the device. Typical device
dimensions are 300 µm diameter dots (Sample A) and
400-1200 µm × 80 µm bars (Sample B).
IV. EXPERIMENTAL SETUP
The measurements are performed at 20 K in a split-coil
magneto-optical cryostat. The devices are biased with a
current source, and the voltage drop is measured across
the entire device (Schottky and n-i-p junction).
Measurements are performed in the pure Faraday and
Voigt geometries and at oblique angles up to ±20◦ from
pure Voigt. Light is collected and collimated with a
25 mm diameter lens at the cryostat window (focal length
of 150 mm for Faraday and 200 mm for Voigt). Two
data collection techniques are used. For low lumines-
cence light-level samples, such as Sample B, the colli-
mated beam is passed through a liquid crystal variable
retarder (LCVR) that can be electronically switched be-
tween λ/4 and 3λ/4 retardation, and then through a lin-
ear polarizer. The light is collected over a variable in-
tegration time by a CCD camera mounted on a spec-
trometer. The CCD camera collects a full EL spectrum
over a 40 meV window for each setting of the LCVR
(λ/4 and 3λ/4). The total intensity of each spectrum is
integrated over the full EL line and used to define the net
EL circular polarization: PEL = (I+ − I−)/(I+ + I−).
For high luminescence light-level samples, such as Sam-
ple A, data can also be collected using a photoelastic
modulator (PEM) operating at 42 kHz, a linear polar-
izer, a 74 mm monochromator and an avalanche pho-
todiode (APD). The monochromator center wavelength
and exit slit are set to transmit the entire EL line. An
optical chopper (f ≈ 400 Hz) is placed at the entrance
slit of the monochromator. The output of the APD is
passed through a band-pass voltage pre-amplifier and
into two digital lock-in amplifiers which are referenced
to the PEM and chopper frequencies. PEL is defined as
VPEM/Vchopper where VPEM and Vchopper are the outputs
of the two lock-in amplifiers.
A. Faraday Geometry Electroluminescence
Polarization
In the Faraday geometry the magnetic field is parallel
to the direction of light propagation: Bapp = Bappzˆ [see
Fig. 2(a)]. In this case Eq. 2 gives
Sz = ηS0 · zˆ, (3)
that is, Sz is simply the component of S0 along zˆ scaled
by η = 1/(1+τ/τs). η characterizes the longitudinal spin
relaxation prior to recombination. Figure 3(a) shows the
Fe film magnetization as a function of magnetic field ap-
plied out-of-plane, with the magnetization fully saturated
along zˆ at Bapp = 4πM ≈ 2.1 T. Figure 2(a) shows a di-
agram of the Faraday geometry experimental setup: the
Fe magnetization rotates out of the plane under the in-
fluence of the applied field, and EL is collected along the
z-direction. The increasing component of out-of-plane
magnetization Mz leads to an increasing PEL signal, un-
tilM is completely saturated out-of-plane at ≈ 2.1 T as
seen in Fig. 4.4,5,6,7,11,14
For Bapp > 4πM , S0 · zˆ = S0, and Sz = ηS0. There-
fore, the Faraday geometry PEL at Bapp > 2.1 T di-
rectly measures the scalar value of ηS0 after accounting
for up to 1% magneto-absorption in the semi-transparent
Fe contact:
PEL = 2ηS0. (4)
In particular, this allows for the measurement of ηS0 as a
function of the device bias. As shown in Fig. 5 for Bapp =
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FIG. 2: Measurement geometries for the experiments dis-
cussed in this paper. In all cases the observation direction
is along zˆ, the injected spin direction is along S0, the applied
field lies along Bapp, and the detected component of steady-
state spin is Sz. (a) Faraday geometry: at Bapp = 0, S0
lies entirely in-plane. Bapp is applied out-of-plane to rotate
S0 out-of-plane. (b) Oblique easy axis geometry: Bapp is
applied at a small angle out-of-plane, with its in-plane pro-
jection along the [011] magnetic easy axis. S precesses about
Bapp after injection. (c) Voigt geometry, optical pumping
Hanle effect: S0 is optically injected along zˆ, and precesses
about Bapp, which is entirely in-plane. (d) Hard axis geom-
etry: Bapp is entirely in-plane and along the [011¯] magnetic
hard axis direction. S0 rotates in-plane as a function of Bapp,
and S precesses about Bapp after injection.
2.5 T, PEL varies considerably and non-monotonically
over the range of biases between the threshold for light
emission up to the limit of the current source. There
are three physical quantities that may vary as a function
of bias in the experiment of Fig. 5: the spin injection
efficiency ǫ in S0, the electron-hole recombination time
τ , and the electron spin relaxation time τs. By using
the combination of all three terms in the product ηS0
for all self-consistent calculations, we do not distinguish
between these three possible sources of bias dependence.
In practice, in order to extract the bias dependence of
any one of the three physical quantities it is necessary to
fix the other two. Fundamentally, however, Fig. 5 can
be understood in terms of changes in the electron-hole
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FIG. 3: Magnetization curves for the thin Fe film. (a) Film
magnetization for magnetic field applied out-of-plane, along
the [100] direction. (b) Magnetization for magnetic field ap-
plied along the in-plane easy axis direction, [011]. (c) Mag-
netization for magnetic field applied along the in-plane hard
axis, [011¯].
recombination time τ and the spin relaxation time τs,
assuming essentially constant S0.
14 At low biases, the
increasing hole concentration in the QW drives τ down,
increasing η. The peak in PEL is associated with the win-
dow of bias in which the QW reaches “flat bands,” while
the decrease at high bias is caused by an increase in the
recombination time due to the bands bending past flat
and separating the electron and hole wavefunctions.14,24
Using Eq. 4 it is possible to relate the measured PEL in
the Faraday geometry at any given bias, as in Fig. 5, to
a corresponding ηS0 in Eq. 2.
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FIG. 4: Electroluminescence polarization (PEL) at fixed bias
as a function of applied magnetic field along the [100] direc-
tion in the Faraday geometry. PEL tracks the out-of-plane
component of the Fe magnetization.
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FIG. 5: Electroluminescence polarization (PEL) as a function
of device bias at fixed field in the Faraday geometry. Bapp =
2.5 T is sufficient to saturate the magnetization along the
observation direction. The non-monotonic bias dependence
of PEL is due to changes in the ratio of spin relaxation time
to electron-hole recombination time.
B. Voigt Geometry Photoluminescence
Polarization: the Optical Hanle Effect
A complete solution of Eq. 2 for S requires knowledge
of three sample parameters: the ratio of spin relaxation
to electron recombination rates as given by η, the injected
spin vector S0, and the characteristic field scale for pre-
cession B1/2. The combined factor ηS0 is measured as
a function of bias in the Faraday geometry. The direc-
tion of S0 is given by the magnetization of the Fe film,
which can be found from the data in Fig. 3 under the
assumption that the magnetization rotates coherently.25
In order to determine B1/2 it is necessary to perform an
optical pumping Hanle effect calibration measurement.19
In the Faraday geometry, the precessional motion of
the injected electron spin does not affect Sz. In the Voigt
geometry the out-of-plane component of electron spin Sz
is primarily a function of spin precession about Bapp.
The resulting change in luminescence polarization is the
Hanle effect.26
Hanle curves are obtained by optically injecting spin-
polarized electrons into the Al0.1Ga0.9As barrier with cir-
cularly polarized light at an energy near the Al0.1Ga0.9As
band edge (Eγ ≈ 1.67 eV). The optically injected elec-
trons are swept into the QW and are governed by the
same processes of relaxation, precession, and recombi-
nation as electrically injected carriers. Optical pumping
Hanle measurements are performed with the device bias
just below the threshold for EL in order to make the con-
duction and valence bands as flat as possible while still
minimizing background electroluminescence.
The geometry for the optical pumping Hanle measure-
ment is sketched in Fig. 2(c). The magnetic field is ap-
plied entirely in-plane and the optically injected spin is
along the direction of laser propagation, S opt0 = S
opt
0 zˆ.
Solving Eq. 2 for this configuration gives
Sz = η
S opt0 B
2
1/2
B2
1/2 +B
2
app
, (5)
which is a Lorentzian with half-width at half-maximum
of B1/2. Of the four variables in Eq. 5, only two may
potentially vary with bias: the coefficient η and B1/2. In
both cases, the variation with bias will be due to changes
in the recombination time τ , and the spin relaxation time
τs:
η =
1
1 + τ/τs
; (6)
B1/2 =
~
g∗µB
(
1
τ
+
1
τs
)
. (7)
However, as stated in the previous section, the bias de-
pendence will be primarily driven by changes in the re-
combination time τ . The recombination time is sensitive
to both the bias dependent population of holes in the QW
and the formation of excitons.14,24,27,28 For the samples
under consideration here, we find τ ∼ 4τs, and η will be
more strongly dependent on changes in τ than B1/2. This
is confirmed by observing negligible change in B1/2 over a
full bias range for optical Hanle curves on a spin-LED de-
vice with very low electroluminescence intensity. Hence,
it is possible to extract a fixed value of B1/2 from opti-
cal pumping Hanle curves collected below EL threshold,
and apply that value to calculations of S under electri-
cal bias. At 20 K for Sample A, B1/2 = 2.4 kG. Hence,
it is possible to solve Eq. 2 for the electrically injected
steady-state spin S in the GaAs QW by combining B1/2
from optical pumping Hanle curves, ηS0 as a function of
bias found in Faraday geometry PEL, and the direction
of S0 taken from the measured Fe magnetization.
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FIG. 6: Electroluminescence polarization curve in the oblique
easy axis geometry with θ = 20◦. The points are data, the
dashed line is a calculation of the expected luminescence po-
larization based on the bare applied field. The solid curve is
the expected polarization including an effective magnetic field
due to spin-polarized nuclei.
C. Voigt Geometry Electroluminescence
Polarization: the Oblique Easy Axis Configuration
Figure 2(b) describes the first type of Voigt PEL mea-
surement discussed in this paper. The magnetic field is
aligned along the [011] direction of the sample, which is
the magnetic easy axis of the Fe contact. The field is then
rotated out of the plane about the [011¯] axis by an angle
θ, −20◦ < θ < +20◦. We will refer to this configuration
as the oblique easy axis geometry since the projection of
Bapp onto the sample plane continues to lie along the
easy axis, even as θ is varied.8,9,10 The magnetization re-
versal along the magnetic easy axis is shown in Fig. 3(b)
and is just that of a simple square hysteresis loop. The
solution for Sz in this setup can be found from Eq. 2 by
setting Bapp = Bapp[cos(θ)yˆ + sin(θ)zˆ], and S0 = S
h
0 yˆ
where Sh0 = ±S0 corresponding to the two branches of
the magnetic hysteresis loop:
Sz = η
Sh0 cos(θ) sin(θ)
1 +
(
B1/2/Bapp
)2 . (8)
Electroluminescence polarization data obtained in the
oblique easy axis geometry at θ = 20◦ are shown in Fig. 6.
The points are data and the dashed line is the result of
calculating Sz using Eq. 8 with ηS0 determined from the
Faraday geometry measurements in Fig. 5, B1/2 deter-
mined from an optical pumping Hanle curve, and the
direction of S0 set by the easy axis magnetization in
Fig. 3(b). Clearly, the data does not match the Sz calcu-
lation as described by Eq. 8: the electron spin precesses
faster in small field (further out-of-plane) then expected
for the effective g-factor in the QW g∗ ≈ −0.21, leading
to a large step across zero.29,30 To match the observed
PEL it is necessary to include an effective magnetic field
of ∼4 kG in addition to the applied magnetic field. The
presence of an effective magnetic field that is significantly
larger than the applied field can be seen in the step across
zero and the near saturation of PEL as would be expected
from Eq. 8 for Bapp ≫ B1/2. The origin of the effective
field is hyperfine interactions between the spin-polarized
electrons and lattice nuclei in the QW that lead to dy-
namic nuclear polarization.
D. Dynamic Nuclear Polarization
Dynamic nuclear polarization occurs in a solid when
a non-equilibrium electron spin polarization is trans-
ferred to the nuclear spin system via the hyperfine
interaction.1,2,31,32 Dynamic nuclear polarization can be
driven by saturation of an electron spin resonance,31 a
large splitting between electron spin states in an applied
magnetic field,33,34 or by injection of a non-equilibrium
electron spin polarization. There are several mechanisms
for injecting the non-equilibrium electron spin polariza-
tion into a semiconductor heterostructure. The most
common mechanism is optical injection,2 particularly for
bulk GaAs,2,3,35 but also for quantum wells36,37,38,39 and
quantum dots.40 A more recent technique for generating
the non-equilibrium electron spin polarization is by opti-
cal pumping at the interface between a ferromagnetic ma-
terial and GaAs.41,42,43,44,45,46,47,48 Spin-blockade tech-
niques have also been used recently to observe hyper-
fine interactions in GaAs quantums dots.49 This report
discusses a particularly simple mechanism for generating
DNP in a GaAs-based QW heterostructure, direct elec-
trical injection of spin-polarized carriers from a ferromag-
netic metal across a tunnel barrier.10,12,13 The Hamilto-
nian for the hyperfine interaction can be written as
H = −16π
3I
µBµn|Ψ(R)|2Iˆ · Sˆ, (9)
where I is the nuclear spin, S is the electron spin, |Ψ(R)|2
is the probability density of the electron wavefunction at
the position of the nucleus, µn is the nuclear magnetic
moment and µB is the Bohr magneton.
2,3 Dynamic nu-
clear polarization occurs when spin-polarized electrons
and lattice nuclei engage in hyperfine “flip-flop” interac-
tions in which they exchange angular momentum. For
hyperfine interactions in an applied magnetic field, the
difference in Zeeman energies for electrons and nuclei re-
quires that the spin flip-flop be accompanied by an as-
sisting process to conserve energy, such as absorption
or emission of phonons or photons. A non-equilibrium
electron spin polarization can therefore generate a non-
equilibrium nuclear polarization at a rate T−1pol deter-
mined by the strength of the hyperfine interaction and
the rate of the assisting process:
T−1pol = Λτ
−1
pol , (10)
7where Λ contains the matrix element for the hyperfine in-
teraction and τ−1pol is the rate of the assisting process that
conserves energy.50 A typical nuclear polarization time
constant Tpol is on the order of 10 seconds in GaAs.
3,19
Whereas nuclear polarization is due almost exclusively
to hyperfine flip-flop interactions, nuclear depolarization
involves a combination of hyperfine and nuclear spin-
spin interactions. Nuclear spin relaxation is driven by
precession in the fluctuating local magnetic field due to
dipole-dipole interactions with neighboring nuclei BL ≈
1.45 G,3 and by precession about the hyperfine field of
the electron spin. The Zeeman splitting of the nuclear
spin sub-levels increases the energy required to induce a
transition, reducing the rate of spin relaxation by the ra-
tio of the square of the Zeeman energies of the local and
applied fields: B2L/B
2
app.
21,32 The combination of the hy-
perfine interaction, spin-spin interactions, and Zeeman
splitting can be represented for nuclear spin depolariza-
tion in a form similar to Eq. 10:
T−11 = Λτ
−1
depol
(
B2L
B2app
)
, (11)
where Λ again contains the matrix element for the hy-
perfine interaction, and τ−1depol is the rate of the assist-
ing relaxation processes. Because of the ten orders of
magnitude difference between the spin relaxation rate of
electrons (τs ∼ 10−9 sec) and nuclei (T1 & 1 sec), even
a very weak hyperfine interaction and small steady-state
electron spin polarization of a few percent can produce
significant nuclear spin polarization.19
A phenomenological rate equation for dynamic nu-
clear polarization by spin-polarized electrons can be con-
structed from the balance of nuclear polarization and de-
polarization rates T−1pol and T
−1
1 :
32
d〈Iz〉
dt
= − 1
Tpol
[〈Iz〉 − k〈Sz〉]− 1
T1
〈Iz〉, ; (12)
k = fℓ
I(I + 1)
s(s+ 1)
, (13)
where 〈Sz〉 and 〈Iz〉 are the electron and nuclear spin
along the applied magnetic field Bapp = Bappzˆ, and fℓ is
a leakage factor. A rate equation analogous to Eq. 12
can also be derived from a rigorous spin temperature
argument,32 in which case fℓ is shown to be the fraction
of nuclear spin relaxation that is due to hyperfine inter-
actions. If nuclei only relax via electrons, then fℓ = 1,
while the presence of any other relaxation mechanisms
will reduce fℓ. Equation 12 can be solved in steady-state
to find the average nuclear spin Iav = 〈Iz〉zˆ along the
magnetic field in terms of the electron spin and the po-
larization and depolarization rates:
Iav = k
〈Sz〉zˆ
1 +
(
Tpol
T1
) . (14)
The hyperfine interaction results in nuclear spin aligned
along the electron spin direction. The nuclei, however,
precess about the applied field just as the electrons do.
While the electron spin lifetime is short, limiting preces-
sion to less than a full cycle for the field scales investi-
gated here, the nuclear spin lifetime is long, resulting in
an averaging of nuclear spin components perpendicular
to Bapp. The magnetic field dependence of the average
nuclear spin polarization is found by substituting for Tpol
and T1 in Eq. 14, giving
Iav = k
(S ·Bapp)Bapp
B2app + ξB
2
L
, (15)
where we have used
Tpol
T1
= ξ
(
BL
Bapp
)2
; (16)
ξ =
τpol
τdepol
. (17)
The coefficient ξ characterizes the assisting processes
that enable nuclear spin polarization and depolarization
but are not explicitly related to the hyperfine interaction
matrix element.
The average effect of the hyperfine interactions be-
tween an electron and all nuclei within the electron’s
wavefunction is an effective magnetic field
BN =
∑
α
bαNI
α
av/I
α; (18)
bαN =
16π
3g∗v0
µαnd
α
eN
α, (19)
where g∗ is the effective electron g-factor, v0 is the vol-
ume of the unit cell, dαe is the electron wavefunction den-
sity at the α isotope nucleus, µαn is the nuclear mag-
netic moment, and Nα is the number of α nuclei in the
unit cell.3,19 Given that all three isotopes in GaAs (75As,
69Ga, and 71Ga) have the same spin I = 3/2, we re-
place Iα with I. Additionally, since we are unable to
distinguish the contributions of individual isotopes to the
total effective field, we replace bαN with a total bN that in-
cludes the contributions of all nuclei. This bN is the max-
imum effective magnetic field felt by electrons for 100%
spin-polarized nuclei. In bulk GaAs with g∗bulk = −0.44,
bbulkN = 53 kG.
3,19 In a 100 A˚ Al0.1Ga0.9As/GaAs QW,
bQWN =
(
g∗bulk/g
∗
QW
)
bbulkN ≈ 111 kG. For the remainder of
the paper, we will use bN = 111 kG. Combining Eqs. 15
and 18 gives the effective magnetic field due to polarized
nuclei,2
BN = fℓbN
(I + 1)
s(s+ 1)
(S ·Bapp)Bapp
B2app + ξB
2
L
. (20)
Spin-polarized electrons precess as though in the pres-
ence of a total magnetic fieldA = Bapp+BN . Equation 2
for electron spin dynamics in the QW then becomes
S = η
B2
1/2S0 + (S0 ·A)A+B1/2(A× S0)
B2
1/2 +A
2
, (21)
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FIG. 7: Electroluminescence polarization hysteresis loop in
the oblique easy axis geometry with θ = 20◦. The points are
data and the line is a fit which includes the effect of dynam-
ically polarized nuclei. The broad dips in PEL as the field is
swept through zero are due to nuclear spin depolarization for
B2app < ξB
2
L.
and Eq. 8 for the special case of the oblique easy axis
configuration as in Figs. 2(b) and 6 becomes
Sz = η
S0 cos(θ) sin(θ)
1 +
(
B2
1/2/A
2
) . (22)
Using Eq. 20 for BN , Eq. 22 gives the solid line in Fig. 6
as a fit to the data using the leakage factor fℓ as the only
free parameter. For the solid line in Fig. 6, fℓ = 0.46.
The factor
√
ξBL in Eq. 20 is less than 50 G, and can be
ignored when fitting data over wide field ranges on the
order of several kOe. Compared with B1/2 = 2.4 kG,
it is clear how the effective field BN ≈ 4 kG dominates
the electron spin dynamics in Fig. 6, particularly at low
Bapp. The range of Bapp in which PEL is most sensitive
to nuclear polarization effects lies between the local
field factor
√
ξBL and B1/2. When B
2
app . ξB
2
L, BN
approaches zero and does not significantly affect electron
spin precession. At B2app > B
2
1/2 the applied field is
sufficient to produce significant electron precession and
the sensitivity to nuclear polarization effects is reduced.
The local field factor ξB2L in the denominator of Eqs. 15
and 20 defines the scale of Zeeman energy below which
the average nuclear spin polarization goes to zero. As dis-
cussed above, the local field BL ≈ 1.45 G is the effective
magnetic field due to nuclear spin-spin interactions, and
ξ is a factor that incorporates sample-specific processes
that assist nuclear spin transitions. The effect of the local
field at low Bapp is a reduction in BN and consequently
less electron spin precession. Without the reduction in
BN and spin precession at B
2
app . ξB
2
L, the oblique easy
axis curve in Fig. 7 would exactly match the shape of the
FIG. 8: Electroluminescence polarization curves in the
oblique easy axis geometry at several values of θ. The points
are data. The lines are predicted polarization curves with pa-
rameters fixed by fitting the 20◦ data and then changing only
the measurement angle for subsequent calculations.
easy axis hysteresis loop in Fig. 3(b), with a singularity at
Bapp = 0 T. Instead broad dips in the luminescence po-
larization appear as the field is swept through zero. The
width of this depolarization region can be fit by setting
BL = 1.45 G and varying ξ. This is a single parameter
fit since fℓ is separately determined over a wider field
scale on which ξB2L has a negligible affect. For the data
in Fig. 7, the fit gives ξ = 400± 120. The uncertainty in
the fit comes from the overshoot in PEL at Bapp = 0 Oe,
which is attributed to small off-axis components of the
field profile of the superconducting magnet as the field is
swept through zero.
V. EXPERIMENTAL RESULTS AND
DISCUSSION
A. Field Dependence along the Easy Axis
The large step across zero field in the single ±5 kG
oblique easy axis field sweep at θ = 20◦ in Fig. 6 was fit
using Eqs. 20 and 22 and a single free parameter fℓ. It
was assumed that ηS0 measured in the Faraday geometry
and B1/2 measured in an optical pumping Hanle curve
remained unchanged. The consistency of these assump-
tions can be tested by taking the parameters from Fig. 6
and applying them to a set of oblique easy axis curves col-
lected with Bapp at different out-of-plane angles, adjust-
ing only θ in Eqs. 20 and 22 to fit the additional curves.
This is shown in Fig. 8: the points are data, the line for
θ = 20◦ is a one parameter fit, and the remaining lines
are calculated without adjusting any parameters. The
model accurately predicts the oblique easy axis curve at
each subsequent measurement angle within the experi-
mental uncertainty ∆θ ∼ 0.4◦, confirming the validity of
9FIG. 9: Electroluminescence polarization (PEL) hysteresis
loops in the oblique easy axis geometry with θ = 20◦ at sev-
eral biases. The points are data and the lines are fits which
include the effect of dynamically polarized nuclei. The am-
plitude of the oblique easy axis curves varies with device bias
due to changes in the steady-state electron spin polarization.
The PEL loops do not fully close at the coercive field for the
Fe contact because the nuclear polarization lags as Bapp is
swept at a rate comparable to T−11 . All curves are offset for
clarity.
the fitting assumptions.
Figure 9 contains several oblique easy axis curves at in-
creasing bias over a smaller field range than the curves in
Fig. 8. Over the smaller scale, the Fe contact hysteresis
can be observed and the ξB2L factor in the denominator
of Eq. 20 becomes relevant. The points in Fig. 9 are data,
and the lines are fits in which ηS0 is taken from Faraday
geometry measurements at the corresponding bias, and
B1/2 is taken from the optical pumping Hanle curve. The
parameter ξ = 520, and thus ξB2L = 1100 G
2, is fixed for
all curves by fitting the low field oblique easy axis PEL
depolarization features in Fig. 7. fℓ is the only remaining
free parameter that is adjusted to fit the data at each
bias. All curves are offset for clarity. The PEL ampli-
tude in Fig. 9 is defined as the difference in PEL between
+100 Oe and −100 Oe. At low biases, just above the
threshold for light emission, the oblique easy axis curve
closely resembles the prediction for zero nuclear polariza-
tion. The PEL amplitude increases as the bias initially
increases above threshold, reaches a maximum, and then
decreases at higher biases. The fits shown in Fig. 9 accu-
rately capture the amplitude change as a function of bias.
There are, however, discrepancies between the PEL data
and the calculated hysteresis loop shape in Fig. 9: the
data does not completely close at the coercive field for
the Fe contact as predicted by the model. This discrep-
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FIG. 10: Both panels, left axis (closed symbols): steady-state
electron spin polarization in the QW as measured by Faraday
geometry PEL at 2.5 T. (a) Right axis (open symbols): the
asymptotic value of the effective magnetic field BN due to
spin-polarized nuclei based on fits to oblique easy axis geom-
etry PEL curves. (b) Right axis (open symbols): values of the
leakage factor fℓ used to determine BN in (a).
ancy is due to a lag in the response of BN to changes in
Bapp, which is being swept at a rate comparable to T
−1
1 .
The calculation gives the steady-state value of BN and Sz
at each point. Oblique easy axis field sweeps taken with
slower field sweep rates more closely match the square
switching features of the calculated loops. For example,
for the data run shown as the oblique easy axis loop in
Fig. 7, there was a 20 second wait time between setting
Bapp and measuring PEL for each point, and the data
more closely matches the steady-state model.
The amplitude change observed in oblique easy axis
hysteresis loops as a function of bias is directly linked
to the changing effective magnetic field BN : initially in-
creasing with bias, then peaking and decreasing. The
changes in BN are in turn related to changes in steady-
state electron spin polarization in the QW as measured
in the Faraday geometry. The closed symbols in Fig. 10
plot Faraday PEL at Bapp = 2.5 T (left axis). This signal
is the steady-state electron spin polarization 2ηS0, and
is used to fit the oblique easy axis curves as discussed in
Section IVA. The open symbols (right axis) in Fig. 10(a)
are the asymptotic values of BN at high field from fits
to curves such as those in Fig. 9. The nearly identical
qualitative bias dependence of both BN and the Faraday
geometry PEL reflects the role of S in Eq. 20, and the
close coupling between steady-state electron spin polar-
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ization in the QW and nuclear polarization. The other
two terms in Eq. 20 that may vary with bias are fℓ and
ξ. The leakage factor fℓ is the one free fitting param-
eter for the data in Fig. 9 and is plotted as a function
of device bias in Fig. 10(b) (right axis, open symbols).
fℓ increases slightly at low bias, then remains essentially
unchanged at ∼ 0.41 throughout the rest of the opera-
tional bias range, reflecting a lack of significant variation
in nuclear spin relaxation mechanisms as a function of
bias above threshold. This result is somewhat surprising.
One would expect the balance of nuclear depolarization
mechanisms to vary as a function of electron density in
the QW. However this does not appear to be the case. In-
stead, the nuclear system responds primarily to changes
in the electron spin polarization S.
B. Field Dependence along the Hard Axis
In order to detect an out-of-plane component of spin
in the case of Bapp near the magnetic easy axis ([011]),
the field must be rotated out of the plane to create an
angle between S0 and Bapp. For fields applied along the
magnetic hard axis ([011¯]), there is no need to rotate the
field out of the plane since the magnetization itself will
coherently rotate through a full in-plane circle as Bapp
is swept from positive to negative values and back. We
will refer to this configuration as the hard axis geometry.
The assumption of magnetization reversal by coherent
rotation25 is confirmed by fitting in-plane magnetization
curves with the field along the hard axis [011¯] and at 45◦
between the hard and easy axes, along [010]. As can be
seen from the hard axis magnetization curve in Fig. 3(c),
for Bapp > 500 Oe, mˆ is nearly parallel to Bapp. As the
field decreases, mˆ rotates away from [011¯] and towards
the [011] easy axis. The rotation direction is determined
by any slight in-plane misalignment between [011¯] and
the field axis. The diagram in Fig. 2(d) and the follow-
ing discussion assumes mˆ rotates from +xˆ towards −yˆ.
As Bapp goes through zero, mˆ rotates through the −yˆ
easy axis, and saturates along the hard axis in the −xˆ di-
rection. As Bapp sweeps back to complete the hysteresis
loop, mˆ rotates through the +yˆ easy axis and realigns
with the +xˆ hard axis completing the full circle. Setting
Bapp = Bappxˆ and S0 = S0[cos(φ)xˆ + sin(φ)yˆ] where φ
is the angle between mˆ and the x-axis, the z-component
of steady-state electron spin from Eq. 21 is
Sz = η
S0AB1/2 sinφ
B2
1/2 +A
2
, (23)
which results in the double-lobed hysteresis curves shown
in Fig. 11.
Figure 11(a) shows three electroluminescence polariza-
tion hysteresis loops in the hard axis geometry taken at
different biases, and therefore different effective magnetic
fields BN . The data exhibit changes in both the peak-
to-peak PEL amplitude and the shape of the loops as
FIG. 11: Electroluminescence polarization hysteresis loops in
the hard axis geometry. (a) Hard axis PEL loops at three
biases, and therefore three different effective magnetic fields
BN . (b) Magnified view (×5) of the lowest bias hard axis
PEL loop from (a). The dotted line indicates the signal for
Bapp sweeping from positive to negative field. The solid line
indicates Bapp sweeping from negative to positive field.
a function of increasing BN . The dotted curve at the
higher bias and larger effective magnetic field is stretched
vertically, tracing out tall, pointed lobes with peaks near
zero field. The solid and dashed curves at lower bias
and effective magnetic field are accordingly smaller with
more rounded lobes and peaks further from zero field.
Figure 11(b) is an expanded view (×5) of the lowest bias
curve (dashed line) in Fig. 11(a). Figure 11(b) shows
more clearly the broader and more widely spaced lobes
that correspond to lower BN , as well as the hard axis
PEL trace for the two field sweep directions. The dotted
line is for Bapp sweeping from positive to negative fields,
and the solid line is for Bapp sweeping from negative to
positive fields.
The amplitude change as a function of bias in
Fig. 11(a) is expected in light of the strong PEL am-
plitude dependence as a function of bias observed in the
easy axis geometry (Fig. 9). The shape change observed
for PEL hysteresis loops in the hard axis geometry is
predicted in Eq. 23 as the total internal magnetic field A
changes from less than B1/2 to greater than B1/2. Fig-
ure 12(a) shows PEL hysteresis loops at several different
biases in the hard axis geometry using the same sample
and bias range as the oblique easy axis loops in Fig. 9—
the curves are vertically offset for clarity. Just as in the
case of the oblique easy axis geometry, the change in
the effective magnetic field causes a modulation in loop
amplitude that mirrors that of the steady-state electron
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FIG. 12: (a) Electroluminescence polarization hysteresis loops
in the hard axis geometry at several biases. (b) Predicted
polarization in the hard axis geometry based on fits to the
oblique easy axis geometry PEL curves at corresponding bi-
ases. There are no free parameters used to generate the curves
in (b). All curves are offset for clarity.
spin polarization. The values of fℓ and ξ found in the
oblique easy axis geometry (in Figs. 10(b) and 7, respec-
tively) can be used directly to calculate PEL hysteresis
loops in the hard axis geometry with full consistency.
This is shown in Fig. 12(b) with no parameters adjusted.
There is good overall agreement between the data and
the calculations as a function of bias with respect to both
changes in the PEL loop amplitude and loop shape. For
the calculations in Fig. 12(b), the angle φ(Bapp) between
M and Bapp is generated using a first principles Stoner-
Wohlfarth model.25 The Stoner-Wohlfarth model is in
turn fit to measurements of the hard axis magnetization
reversal of the continuous (∼ 5 mm×5 mm) 50 A˚ Fe
film before the sample is processed into individual de-
vices. The quantitative discrepancies between the data
in Fig. 12(a) and the calculations in Fig. 12(b) are due to
the difference between the fit to the magnetization rever-
sal of the continuous film (area ∼ 25 mm2) and the ac-
tual magnetization reversal of the processed device (area
∼ 0.07 mm2).
C. Time Dependence of the Nuclear Polarization
To first order, nuclear spin polarization and depolar-
ization, and hence the effective magnetic field, will be
exponential in time after the spin-polarized current is
turned on or off. The depolarization is characterized by
the spin-lattice relaxation time T1 in Eq. 12. In the ab-
sence of any polarizing mechanism, the average nuclear
spin will decay from its value at t = 0 as
Iav(t) = Iav(0)e
−t/T1 . (24)
Equation 24 is incorporated into the right hand side of
Eq. 20 as
BN (t) = BN (0)e
−t/T1 (25)
to give the effective magnetic field for decaying nuclear
spin polarization. Dynamic nuclear spin polarization by
oriented electrons occurs in the presence of nuclear spin-
lattice relaxation, and nuclear polarization is found by
integrating Eq. 12 to obtain
Iav(t) = Iav(∞)
(
1− e−t
(
T1+Tpol
T1Tpol
))
, (26)
where Iav(∞) is the steady-state value of the average
nuclear spin. Inserting this exponential envelope for nu-
clear spin into Eq. 20 gives a saturating exponential for
the effective field. Although the exponential approxima-
tion does not take into account nuclear spin diffusion, it
nonetheless allows for a first order evaluation of T1 and
Tpol.
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The time dependence of nuclear polarization build
up and decay can be probed by modulating either the
steady-state electron spin in the device or the applied
field. The most direct experimental approach is to switch
the electron spin in the QW on and off as a function of
time and observe the change in nuclear polarization by
the effect that change has on PEL. This can be done by
switching the bias current on and off. When the device
bias is off, the steady-state electron spin polarization is
zero, and any nuclear spin polarization will decay away
with a time constant T1. When the bias is turned on, the
nuclear polarization will build up as in Eq. 26. At fixed
Bapp the change in nuclear polarization will result in a
change in PEL, which can be measured as a function of
time in either the oblique easy axis geometry or the hard
axis geometry. The analysis is simplest in the case of the
oblique easy axis geometry.
In Fig. 13(a), PEL is plotted as a function of laboratory
time. The device starts with the bias off for several min-
utes. At t = 0 the bias is turned on for 6 minutes, then
turned off for 2 seconds, turned on again for 120 seconds,
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FIG. 13: Electroluminescence polarization (PEL) as a function of time at fixed field in the oblique easy axis geometry with
θ = 20◦. (a) PEL as a function of laboratory time as the device bias is switched on and off. The gray bars indicate times
during which the bias is off and the nuclear polarization decays. Data cannot be collected when the bias is off. The amount
of nuclear spin polarization decay increases with increasing bias off time. (b) Reconstructed PEL decay as a function of bias
off time. Points are taken from the initial (circled) point after the bias is turned on in (a), and plotted against the preceding
off time. The curve is a fit to the data assuming that the nuclear polarization decays exponentially with time constant T1. (c)
PEL as a function of time after the bias is turned on. BN = 0 at t = 0. The line is a fit to the data assuming a saturating
exponential polarization with time constant Tpol.
then off for 6 seconds, then on again for 120 seconds and
so on with increasing times during which the bias is off.
In each case the device is on for 120 seconds. The gray
bars in Fig. 13 indicate times during which the bias is off.
Note that data points can only be collected when the bias
is on. The sample is positioned with in the oblique easy
axis configuration with θ = 20◦ after ramping Bapp down
from +1 kOe down to +40 Oe. The resulting data show
the laboratory scale time dependence of nuclear spin po-
larization build up and decay.
As seen from Eq. 22 and the dashed line in Fig. 6,
at low fields (Bapp ≪ B1/2)the out-of-plane component
of steady-state spin is negligible if there is no effective
magnetic field from polarized nuclei to induce significant
precession. At fixed field and bias, the change in PEL
as a function of time is a direct measure of the change
in the precession angle due to the change in nuclear spin
polarization. The initial point collected after the bias is
turned on depends on the precession angle in the residual
effective field that remains at the end of a bias-off cycle.
By selecting the initial point after each off cycle [the cir-
cled points in Fig. 13(a)], and plotting PEL at that point
against its associated off time, it is possible to construct
a plot of PEL versus time during which the bias is off, as
shown in Fig. 13(b). Since the out-of-plane component
of electron spin is proportional to the nuclear polariza-
tion in this geometry, the time constant for PEL decay in
Fig. 13(b) is the longitudinal nuclear spin relaxation time
T1. This decay time plot can be fit using Eqs. 22 and 25
to give the solid line in Fig. 13(b) with T1 ≈ 60 seconds.
Figure 13(c) shows PEL as a function of time in
response to turning the device bias on after all of the
nuclear polarization has decayed away. This curve can
be fit using Eqs. 22 and 26 and the value of T1 extracted
from Fig. 13(b). The result is shown as the solid line in
Fig. 13(c), for which Tpol ≈ 10 seconds.
Table II summarizes the results from fitting Tpol and
T1 at different applied fields in the oblique easy axis ge-
ometry. At lowerBapp the T1 (Tpol) is shorter (longer), as
expected from Eqs. 16 and 17. Table II also includes the
values of ξ calculated from Eq. 16. The calculated values
of ξ at different fields, and the value found from fitting
the low field depolarization feature in oblique easy axis
field sweeps agree within an order of magnitude. Note
that the measurements that correspond to the two ex-
treme values of ξ, Bapp = −40 Oe and Bapp = +18 Oe
are each special cases. At Bapp = −40 Oe, S0 and Iav are
antiparallel to Bapp, corresponding to a non-equilibrium,
negative spin temperature configuration for the polarized
nuclei. The other extreme case, Bapp = 18 Oe, gives the
least consistent value of ξ and has the highest uncertainty.
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Field (Oe) T1 (sec) Tpol (sec) ξ
−40± 5 95± 10 9± 2 72± 42
18± 4 17± 10 102± 5 1380± 500
40± 5 60± 5 10± 2 127± 68
200± 5 440 ± 10 10± 2 432± 118
300± 5 600 ± 20 2.3± 1 164± 82
Field Sweep – – 400± 120
TABLE II: Values of T1 and Tpol from oblique easy axis time
dependence measurements, as well as the calculated local field
factor ξ. The bottom row contains the value of ξ from fitting
the low field depolarization feature of oblique easy axis field
sweeps.
Bapp = 18 Oe is at a positive nuclear spin temperature,
but it is well within the low field nuclear spin depolar-
ization region. The data at Bapp = 18 Oe are also the
only set for which Tpol > T1. The value of ξ determined
in other experiments ranges from a low of 2–3 in bulk
GaAs2,3 to a high of ∼ 3 × 105 in quantum dots40 and
[110] GaAs quantum wells.37 A large value of ξ on the
order of 5 × 104 is also observed in DNP driven by im-
printing at a ferromagnet-semiconductor interface.41 The
large variation in the observed value of ξ reflects the role
of the assisting processes that conserve energy during the
hyperfine interaction (see Eq. 17 and Ref. 40). The rel-
ative rates of the assisting processes will vary depending
on the sample structure, resulting in dramatically differ-
ent magnetic field scales for nuclear spin depolarization.
A second experimental approach to observing the labo-
ratory scale time dependence of nuclear polarization and
depolarization is to rapidly reset Bapp while maintain-
ing a constant injected electron spin S0. The result of
such a change in the applied field is a simultaneous po-
larization and depolarization of nuclear spin in what we
will refer to as a two-spin system model. The first spin
system is defined as the equilibrium nuclear polarization
at Bapp prior to resetting the field: I
initial
av (Bapp). The
second spin system is the equilibrium nuclear polariza-
tion at the reset field B′app: I
′
av(B
′
app). At the moment
the field is reset, I initialav begins to decay exponentially at
T−11 , while I
′
av begins to build up according to Eq. 26.
The average nuclear spin seen by the electrons is the sum
of these two spin polarizations:
I totalav (t) = I
initial
av (t) + I
′
av(t). (27)
Field reset experiments are most interesting at low ap-
plied field, in which either Bapp or B
′
app is less than
√
ξBL
and the other field is outside the depolarization region.
This requires using the oblique easy axis geometry since
in the hard axis configuration S0 is a function of Bapp at
low fields.
For this measurement, the magnetic field is initially
set well outside the depolarization region at −500 Oe,
with the sample aligned in the oblique easy axis configu-
ration at θ = 20◦. The nuclear spin system is allowed to
reach its equilibrium polarization, and then the field is
FIG. 14: Electroluminescence polarization (PEL) as a func-
tion of time after rapidly resetting the applied magnetic field
from Bapp = −500 Oe to B
′
app in the oblique easy axis ge-
ometry with θ = 20◦. The field is reset to B′app at t = 0
at a ramp rate of 1 T/min. Negative times correspond to
Bapp= −500 Oe. (a)-(c) Single curves of PEL as a function of
time after the field is ramped to the reset field B′app as indi-
cated in the figure and by the marks on the oblique easy axis
field sweep in the inset of (a). (d) Grayscale intensity map of
PEL as a function of reset field B
′
app and time after reaching
B′app. The curves in (b) and (c) are cross-sections from (d)
marked with dotted lines. The long time-scale response in (b)
and at the center of (d) is due to depolarization of the nu-
clear spin pumped-up at Bapp, and simultaneous polarization
of nuclear spin at the new field B′app. The fast response in (c)
and at the bottom of (d) represents an adiabatic reversal of
nuclear spin as the Fe magnetization switches at the coercive
field.
rapidly swept to a new field |B′app| < 200 Oe at a rate of
167 Oe/second (1 T/minute). The magnetization is con-
stant over this field range, except for when B′app sweeps
past the coercive field for the Fe contact, causing mˆ to
rotate 180◦. Time t = 0 is defined as the point at which
B′app is reached.
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Figures 14(a)–(c) show three traces of PEL versus
time after sweeping the field from Bapp = −500 Oe to
B′app = −100, +35, and +50 Oe. The points on the
oblique easy axis hysteresis loop corresponding to these
reset fields are marked in the inset to Fig. 14(a). The
response at B′app = −100 Oe is essentially flat since the
magnetization does not change between −500 Oe and
−100 Oe, and −100 Oe is still well beyond the depolar-
ization field
√
ξBL. At B
′
app = +35 Oe ∼
√
ξBL the PEL
response is long lived and non-monotonic, requiring more
than 2 minutes to equilibrate at the EL polarization that
corresponds to that of the field swept hysteresis loop in
the inset. The magnetization at +35 Oe is the same as
at −100 Oe, and the PEL response is caused solely by si-
multaneous nuclear spin depolarization and polarization
in response to the reset field being within the depolar-
ization regime near
√
ξBL. At B
′
app = +50 Oe, just
beyond the coercive field of the Fe contact, PEL discon-
tinuously switches and rapidly equilibrates. The response
at −45 < B′app < +60 Oe is summarized in Fig. 14(d)
as a grayscale intensity map with B′app along the vertical
axis and time along the horizontal axis. The PEL scale
bar is at the top of the figure. The dotted lines mark
the +35 Oe trace shown in Fig. 14(b) and the +50 Oe
trace in Fig. 14(c). The gradual transition from negligi-
ble to significant PEL response as B
′
app moves into the
depolarization region, corresponding to the difference be-
tween Figs. 14(a) and (b), is seen in the gray region at
the center of Fig. 14(d). The rapid step in PEL when the
magnetization switches [Fig. 14(c)] appears as the nearly
constant band of black at the bottom of Fig. 14(d). Re-
peated measurements using a fine scale for B′app through
this field range verify that the switching is a discrete
event.
The qualitative response of PEL in Fig. 14 can be un-
derstood in terms of the two-spin system model of Eq. 27.
Before the field is reset, the nuclear spin system is in
equilibrium at Bapp = −500 Oe. When the field is re-
set to B′app, the initial nuclear spin I
initial
av (Bapp) begins
to decay exponentially at a rate T−11 , while nuclear spin
I′av(B
′
app) builds up according to Eq. 26. The average
nuclear spin seen by the electrons is the sum of these
two components as in Eq. 27. Because of the difference
between T1 and Tpol, the sum of the saturating and de-
caying effective magnetic fields is non-monotonic. In ad-
dition, for B′app greater than 0 Oe, but less than the
coercive field for the Fe contact, the nuclear spin is in a
non-equilibrium, negative spin temperature state. The
direction of the nuclear spin polarization is determined
solely by S in Eq. 15. Hence, even when the magnetic
field sweeps through zero, the nuclear polarization does
not change direction, and at 0 < B′app < Bcoer., Iav is an-
tiparallel to B′app. When B
′
app moves past the coercive
field, the new equilibrium state for nuclear spin in the
QW corresponds to a positive spin temperature. The in-
jected spin exerts a torque on the nuclear spin system and
induces a rotation into the equilibrium state while main-
taining the magnitude of total nuclear polarization.51
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FIG. 15: Diagram of the hard axis geometry NMR setup.
Bapp is applied along the magnetic hard axis (xˆ) between
20 Oe and 500 Oe, leading to an angle φ between S0 and
Bapp. A four turn, 1 cm diameter coil, driven by a sinusoidal
function generator, producesB1(t) perpendicular toBapp and
parallel to the observation direction.
This rotation appears as the discrete switching with rapid
equilibration in Figs. 14(c) and (d). The rotation of nu-
clear spin is caused by the torque exerted by the Knight
field Be. The Knight field is the effective magnetic field
due to spin-polarized electrons that is felt by the nuclei.
For the system investigated here, we expect a Knight field
of order Be ≈ 1 G when the electron spin polarization is
6%.52
D. Nuclear Magnetic Resonance
Nuclear depolarization can also be detected by apply-
ing an alternating magnetic field B1(t) perpendicular
to Bapp at the resonant frequency for a particular nu-
clear species, thereby driving a transition between Zee-
man eigenstates.13,51 The schematic in Fig. 15 shows a
diagram of this experiment in the hard axis geometry. In
the presence of a magnetic field, the Zeeman Hamiltonian
is
Hz = −γ~Bapp · I, (28)
where γ is the nuclear gyromagnetic ratio. Taking
Bapp = Bappzˆ, the eigenstates of Hz have energies
Ez = −γ~Bappm where m = − 32 ,− 12 ,+ 12 ,+ 32 and the
sub-level spacing is ~ω0 = ~γBapp. A magnetic field
perpendicular to Bapp oscillating at frequency ω0 will
induce ∆m = ±1 transitions between the nuclear sub-
levels, leading to nuclear spin depolarization. Because
the nuclear depolarization is driven by the coil-generated
B1, this will be referred to as coil-driven NMR.
13
Figure 16(a) is a plot of PEL as a function of increas-
ing B1 oscillation frequency at fixed Bapp in a coil-driven
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FIG. 16: (a) Electroluminescence polarization in the hard
axis NMR geometry as a function of B1 oscillation frequency
at Bapp = 330 Oe and T = 20 K. The depolarization fea-
tures correspond to resonant nuclear spin depolarization and
a reduction in BN . (b) The frequency of each depolarization
feature as a function of Bapp. The slopes of the linear fits
give the measured values for the nuclear gyromagnetic ratio
γα. From Ref. 13.
NMR experiment using the setup of Fig. 15.13 The sam-
ple is aligned in the hard axis geometry and B1 is along
the sample growth direction zˆ. The depolarization sig-
natures for each of the three nuclear isotopes in the
GaAs QW: 75As, 69Ga, and 71Ga are easily identified
in Fig. 16(a) as sharp dips in PEL. Note that for the
data shown in Fig. 16(a) the nuclear spin depolarization
results in an increase in PEL magnitude. This is due
to the non-monotonic dependence of PEL on BN , and
therefore Iav, in the hard axis geometry as in Eq. 23,
and reflects a decrease in the average nuclear spin po-
larization. Figure 16(b) shows the frequency of the peak
depolarization for each isotope as a function of Bapp. The
lines are linear fits to the data whose slope gives an ex-
perimental determination of the gyromagnetic ratio γα
for each isotope α. Table III summarizes the measured
γα, and the accepted values, which agree within experi-
mental error.53
The dipole selection rules for the Zeeman eigenstate
transitions only allow the ∆m = 1 transitions that ap-
pear at fα = γαBapp. However, at high B1 amplitude
depolarization features are also observed at the higher
harmonic frequencies 2fα and 3fα. Figure 17 shows a
α measured γα (kHz/Oe) γα (kHz/Oe)53
75As 0.71± 0.10 0.731
69Ga 1.00± 0.04 1.025
71Ga 1.27± 0.04 1.302
TABLE III: Measured and accepted values of the gyromag-
netic ratio for all three isotopes present in the GaAs QW.
FIG. 17: Electroluminescence polarization in the hard axis
NMR geometry at T = 20 K and Bapp = 330 Oe. Each curve
represents a full frequency sweep at a particular peak am-
plitude for B1, as indicated in the figure. The symbols and
vertical lines mark the positions of the principal NMR reso-
nances, as well as harmonics of the principal resonances. The
appearance and amplitude of the dipole-forbidden harmonic
resonances are associated with increases in B1 amplitude. All
curves are offset for clarity.
sequence of frequency sweeps at increasing B1 amplitude;
the data are offset vertically for clarity. Weak resonance
features first appear at B1,peak = 0.02 Oe. As the peak
amplitude of B1 increases, the primary resonances be-
come stronger, and then the 2fα and 3fα transitions
appear. At the amplitude where the 2fα and 3fα tran-
sitions begin to appear, the primary resonances cease to
grow. While the 2fα transitions are exactly at twice the
primary observed NMR frequencies, the transitions la-
beled as 3fα are shifted slightly towards higher frequency.
The field dependence of the additional resonances is
shown in Fig. 18. The points are from the PEL NMR
sweeps, and the lines are calculations of the field depen-
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FIG. 18: Resonance frequencies as a function of Bapp from
coil-driven electroluminescence polarization NMR measure-
ments in the hard axis geometry. The points are the frequen-
cies of resonances from NMR sweeps at fixed field, the lines
are calculations based on the allowed Zeeman transitions for
the isotopes in the GaAs quantum well, as well as harmonics
and sums of those transitions. The labels along the right hand
side refer to the lines. The field dependence of the additional
transitions observed in the electroluminescence polarization
NMR identifies these transitions as due to multiples and sums
of the principal dipole transitions. The dotted lines indicate
transitions involving coupled nuclei of unlike isotopes.
dence for the principal dipole transitions, as well as sums
and multiples of those transitions. The field dependence
of the 2fα and 3fα transitions clearly establishes their
identity. In addition, there are some resonance features
that appear to correspond to sums of unlike isotope tran-
sition frequencies, marked with dotted lines.
A complementary experiment to the coil-driven NMR
of Figs. 16-18 is current-driven NMR. For the current-
driven NMR experiment, the coil of Fig. 15 is removed
and the function generator is connected directly to the
device. The function generator output is set for a DC
voltage offset below the threshold for EL plus a sinu-
soidal oscillation. Figure 19 shows PEL as a function of
the frequency of the AC component of the device bias
at Bapp = 330 Oe, and 500 Oe; the frequency axis has
been scaled by Bapp in order to plot both data sets
together. The frequencies corresponding to principal
and harmonic resonances are marked with vertical lines.
There are also prominent transitions between unlike nu-
clei at frequencies equal to the sum of the two Ga iso-
topes: f sum1 = f
69Ga+f
71Ga (marked with a +), and the
sum of 75As and 69Ga: f sum2 = f
75As + f
69Ga (marked
with a ⋆). The sum frequency for 71Ga and 75As is too
close to the 2f harmonic of 69Ga to clearly resolve the
cause of the resonance line (2f
69Ga ≈ f 75As + f 71Ga), al-
though the depolarization line for this frequency is par-
ticularly strong.
In addition to the sum and harmonic 2fα and 3fα res-
onances, Fig. 19 also exhibits multiple subharmonic reso-
nances at f = n
2
fα, and n
3
fα where n = 1, 2, 3. Subhar-
monics of NMR transitions are expected when there are
non-sinusoidal higher harmonics in the AC modulation
waveform. This is particularly pronounced in current-
driven NMR because the back-to-back diode device struc-
ture leads to non-linear current voltage characteristics
and therefore to a non-sinusoidal current waveform.
The depolarization features at sums and multiples of
the Zeeman transition frequencies in Figs. 17-19 demon-
strate the presence of perturbations to the Zeeman eigen-
states of the nuclei. There are two primary perturbations
that can lead to the higher harmonic transitions: nuclear
dipole-dipole coupling and electric quadrupole coupling.
The dipole-dipole Hamiltonian can be constructed from
the interaction between two dipoles: µ1 = γ1~I1 and
µ2 = γ2~I2, and the Hamiltonian can be written as
51
Hd = γ1γ2~
2
r3
(A+B + C +D + E + F ), (29)
where
A = I1zI2z(1− 3 cos2 θ) (30a)
B = −1
4
(I+1 I
−
2 + I
−
1 I
+
2 )(1 − 3 cos2 θ) (30b)
C = −3
2
(I+1 I2z + I1zI
+
2 ) sin θ cos θe
−iφ (30c)
D = −3
2
(I−1 I2z + I1zI
−
2 ) sin θ cos θe
iφ (30d)
E = −3
4
I+1 I
+
2 sin
2 θe−2iφ (30e)
F = −3
4
I−1 I
−
2 sin
2 θe2iφ (30f)
I±1,2 are the raising and lowering operators, θ and φ are
polar coordinates, and the magnetic field is along zˆ. The
dipole-dipole Hamiltonian enters as a perturbation to the
Zeeman Hamiltonian (Eq. 28) for two spins,
HZ = −γ1~BappI1z − γ2~BappI2z . (31)
The different terms A−F in Hd connect the nuclear Zee-
man sub-levels m = − 3
2
. . .+ 3
2
. In the Hd = 0 case, the
∆m = ±1 transitions are allowed while the ∆m = ±2
and ±3 transitions are forbidden. However, the terms
B−F in the dipole Hamiltonian are off-diagonal and will
produce admixtures of the zero-order Zeeman states. The
admixtures have the important effect of making the pre-
viously forbidden transitions allowable. It therefore be-
comes possible to observe resonances at frequencies two
and three times the primary fα, and at sums of frequen-
cies f sum = fα1+ fα2 where α1 and α2 each correspond
to any of the three isotopes in the QW.
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FIG. 19: Electroluminescence polarization NMR in the hard axis geometry at T = 20 K as a function of AC bias frequency;
the frequency axis has been scaled in order to compare sweeps from two fields. The device bias is the sum of a 1.3 VDC offset
and a 0.65 VPP AC sinusoid. The frequency of the AC component is swept at fixed Bapp to induce the resonant transitions. In
addition to the principal NMR resonances at fα, resonances are observed at harmonics (2fα and 3fα), sub-harmonics (n
2
fα
and n
3
fα where n = 1, 2, 3), and at the sum of two different isotope frequencies (f
75As + f
69Ga and f
69Ga + f
71Ga). The
sub-harmonics are caused by higher harmonic frequencies in the AC bias caused by the diode structure of the device. The sums
are unambiguous evidence for strong nuclear spin-spin coupling.
The second perturbation to the Zeeman Hamiltonian
that can result in resonances at harmonics of the prin-
cipal frequencies is the nuclear quadrupole interaction.
The Ga and As nuclei in GaAs are spin- 3
2
and have elec-
tric quadrupole moments. In the presence of an electric
field gradient (EFG), the quadrupole moments can affect
the allowed transitions for a single nucleus. The elec-
tric field gradients typically associated with quadrupole
effects in NMR are not present in GaAs. However, in
AlxGa1−xAs, the partial replacement of Ga atoms with
Al atoms alters the local As environment and breaks the
cubic symmetry, leading to electric field gradients and
quadrupole coupling for the 75As nuclei.21 Smaller, but
perhaps still significant electric field gradients that af-
fect all three nuclear species will occur at layer interfaces
within the heterostructure. In general, the quadrupole
Hamiltonian induces an admixture of Zeeman states that
makes ∆m = ±2 and ∆m = ±3 transitions allowed for a
single nucleus. However, the EFG for 75As is larger than
EFGs for the other nuclei, and therefore one would ex-
pect the 2f
75As and the 3f
75As signals to dominate those
from the Ga isotope harmonics, which is not the case.
Also, significant quadruole coupling should cause split-
ting in the resonance lines,39 which is also not observed.
If quadrupole coupling is a cause of the harmonics in
Figs. 17-19, then it appears it is a weak coupling that is
simply enough to mix the Zeeman eigenstates.
Perturbations to the Zeeman eigenstates from both
dipole-dipole coupling and quadrupole coupling can lead
to the resonant transitions at 2fα and 3fα. The reso-
nant transitions at f sum = fα1 + fα2 where α1 6= α2
in Figs. 18 and 19 can only be due to Hd. Still, there
are some inconsistencies between the data and these ex-
planations. As mentioned above, quadrupole coupling in
AlxGa1−xAs should lead to
75As resonances with greater
weight than the Ga resonances, which is not observed. In
addition, one would expect the resonance lines to split.39
However, no splittings are observed.
The second major inconsistency concerns the dipole-
dipole coupling. Hd is more likely to couple unlike nuclei
than like nuclei due to the 1/r3 dependence of the dipole
interaction, and therefore one would expect more in-
stances of transitions at f sum = fα1+fα2 where α1 6= α2
than are actually observed in coil-driven NMR. There are
very few features in Fig. 18 that correspond to coupling
between unlike nuclei and there are none in Fig. 17. In
fact, a key distinction between the coil-driven NMR of
Figs. 16-18 and the current-driven NMR of Fig. 19 is
the relative prevalence in the current-driven case of res-
onances at sum frequencies where α1 6= α2.
A speculative explanation that accounts for the dis-
tinction between current-driven and coil-driven NMR
with respect to dipole-dipole coupling is that the nuclear
spin polarization diffuses away from the QW and into the
Al0.1Ga0.9As barriers. Nuclear spin diffusion has been ig-
nored in all of the preceding discussion of DNP in this
paper.35 Polarized nuclei in the Al0.1Ga0.9As barriers ex-
perience larger electric field gradients due to Al substitu-
tion and layer interfaces than the nuclei in the GaAs QW.
Therefore, any polarized nuclei in the QW barriers will be
comparatively more likely to be perturbed by quadrupole
coupling. In the coil-driven NMR experiment, the en-
tire sample is irradiated with the time dependent field
B1. Nuclear spin relaxation in the Al0.1Ga0.9As barri-
ers at frequencies allowed by quadrupole coupling would
extend into the QW on the time scale of T2 ∼ 100 µs.
Quadrupole coupling in a coil-driven experiment will al-
low the 2fα and 3fα resonances that are observed in
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abundance in Figs. 17 and 18 without the expectation for
a similar abundance of f sum = fα1+fα2 where α1 6= α2.
In the case of current-driven NMR the modulated de-
vice bias combines multiple possible drives for nuclear
spin transitions, including hyperfine interactions, carrier
concentration,39,55 band bending,38 and even Biot-Savart
fields from the current. The latter three possible sources
would affect the entire sample just as B1 does in coil-
driven NMR. But modulation of the hyperfine interac-
tion is confined to the QW. The local hyperfine field is
equivalent to the Knight shift, which will be approxi-
mately 1 Oe in the GaAs QW with ∼ 6% electron spin
polarization.52 A Knight field of a few tenths of an Oe
would be enough, in principle, to induce resonant nu-
clear spin depolarization in the QW, where quadrupole
effects should be weakest but dipole-dipole coupling is
still present. The current-driven NMR data of Fig. 19
shows the strongest evidence for dipole-dipole coupled
transitions between unlike nuclei, with resonance ampli-
tudes on a similar scale as the other features. Thus, the
difference between coil-driven NMR and current-driven
NMR may be the difference between a global drive and a
local drive: B1 will interact with all nuclei in the sample
while a modulated Knight field will only interact with
nuclei in the QW.
Perhaps the most relevant aspect of the experiment for
explaining the resonances at frequencies other than fα is
the amplitude of the depolarizing mechanism. Note that
in both NMR experiments, the appearance of the non-
linear features is aided by the strong modulation ampli-
tude of the driving depolarization source: B1 in the case
of Figs. 17 and 18, and the device bias in Fig. 19. Clearly
in Fig. 17 the 2fα and 3fα transitions appear only for
high B1 amplitudes. These peak values of B1 that gener-
ate the non-linear resonance features exceed the typical
NMR saturation condition of (γB1)
2T1T2 ∼ 1.51 In the
current case of γ ∼ 1 kHz/Oe, T1 ∼ 60 seconds and as-
suming T2 ∼ 100 µs, the saturation condition is satisfied
for B1 > 0.1 Oe. All of the points in Fig. 18 are taken at
the highest B1 amplitude in Fig. 17. Hence the appear-
ance of some non-linear affects may be expected simply
from driving the nuclear spin system far out of equilib-
rium. Curiously, the primary resonances do not broaden
significantly as the saturation condition is exceeded.51
In summary, the NMR data demonstrate saturation of
the ordinary magnetic dipole transitions, the existence
of dipole-dipole coupling, and that resonant modulation
of the spin-polarized current can selectively depolarize
the nuclei in the QW. The presence of a time dependent
Knight field in the current-driven case may explain some
of the differences observed in the two types of resonance
experiments.
VI. SUMMARY AND CONCLUSION
In this paper we have discussed a series of investiga-
tions of electron spin dynamics in the presence of hyper-
fine effects in Fe/Al0.1Ga0.9As/GaAs spin injection het-
erostructures. The typical nuclear polarization at 20 K
in these structures is on the order of 5–10% and strongly
depends on electron spin polarization. The effective mag-
netic field felt by the electrons in the configurations stud-
ied here is on the order of 4 kG.
The presence of nuclear polarization is both intrin-
sic evidence of successful spin-polarized electron trans-
port and provides an additional mechanism for confirm-
ing Faraday spin injection measurements. The electron
spin dynamics in the presence of electrically driven nu-
clear spin polarization are well described by the same set
of equations used for dynamics in the presence of opti-
cally pumped nuclear spin polarization. These dynamics
can be modeled with four parameters: the steady-state
electron spin polarization S in the QW, the conserva-
tion of angular momentum in the coupling of the elec-
tron and nuclear spin systems as characterized by the
leakage factor fℓ, the precessional field scale B1/2, and
ξ, the ratio of the relaxation rates for non-hyperfine as-
sisting polarization and depolarization processes. The
upper bound for S is set by Faraday geometry spin injec-
tion measurements, B1/2 is measured using optical pump-
ing Hanle curves, and single parameter fits to the data
on large and small field scales determine fℓ and ξ. The
self-consistency of the bias dependence of S as measured
in the Faraday geometry, in which the nuclear polariza-
tion does not affect PEL, and BN in the oblique easy
axis geometry establishes the accuracy of experimental
determinations of electrically injected steady-state spin
polarization using the spin-LED. Finally, the electrically
driven NMR and adiabatic inversion of the nuclear spin
demonstrate the ability to electrically create and manip-
ulate polarized nuclei using the hyperfine interaction in
a ferromagnet/semiconductor heterostructure.
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